Furthermore the Masmod model has been integrated with global steel plant optimization models and Process Integration models for more complex system analysis and optimization.
Introduction
Blast furnace models have been developing over the past century and with the introduction computers the models have become more and more sophisticated. The Rist diagram 1) and CDRR diagram 2) incorporate indirect/direct reduction and heat demand and divides the furnace into two zones based on gas equilibrium with Fe/wüstite at reserve zone temperature. The reserve zone is a well documented phenomenon and the division of the furnace into the two zones for modelling purposes is further described by Pacey and Davenport.
3) The basic Rist and CDRR approaches are 1-dimensional static heat and mass balances and do not include other aspects such as fluid dynamics or kinetics. The approach has been further developed, for example by Kundrat 4) to include evaluation of kinetic constraints. The 1-dimensional static model with 2-part division based on thermal reserve zone is still considered useful for assessing current operations and for predicting the impact of various changes to the BF operations. A similar two-zone model is being used for development of the top gas recycle BF within the ULCOS project. 5) SSAB Luleå developed a 1-dimensional static blast furnace model called Masmod during the 1980s. The model includes burdening, hot stove and blast furnace calculations, as well as more recently added modules for BF gas cleaning, CO 2 capture and top gas recycling. The model was first programmed as an in-house tool for assessing potential modifications of equipment, operating practice and burden material selection. Being a Microsoft ® Office Excelbased model, the model has been easily adapted by users over time to suit specific purposes such as calculations for impact of slag injection at tuyeres, top gas recycle and coke oven gas injection. In addition, the model has been used as a valuable tool to evaluate the entire steel plant system for optimization via interface with a global steelplant optimisation model 6) and as an off-line component of a more sophisticated MILP (mixed integer linear programming) optimisation using a commercial solver. 7) Key strengths of the model are the combination of the blast furnace model combined with hot stove and burden models in a very familiar and adaptable environment. The Masmod model has been used extensively by SSAB, Swerea MEFOS and Luleå University of Technology.
Whereas modelling techniques have become more and more sophisticated, the application of a relatively simple and flexible model written in a programming environment familiar to engineers and researchers remains a very useful approach which should not be overlooked.
Model Design
The model was first written in the mid 1980s in Supercalc 4 which was capable of handling iterative calculations at that time. The model was converted to Microsoft ® Office Excel in 1993.
The model is a static 1-dimensional heat and mass balance including the blast furnace, hot stove and burden calculation. The three operations are connected and balanced via iterative calculations. Reference case operations are used to set specific calibration constants required to calculate the system. Some constraints are included in the model, however the user must be aware of the modelling approach, theory and calculations to ensure its correct application.
Physical Layout
The physical layout of the model is shown in Fig. 1 The development and application of a 1-dimensional static blast furnace model, "Masmod" , written in a common spreadsheet environment, is described. The model includes blast furnace, hot stove, and burden models with recent additions of other operations including CO 2 stripping and top gas recycle. Although blast furnace modelling has become increasingly sophisticated, a relatively simple and flexible model is shown to be useful for evaluating burden options, equipment and operational strategies, and process development.model is divided into modules which are accessed via the tabs at the bottom of the display page. The input variables are highlighted in green, and are unprotected which allows the user to change these values while the calculation cells are protected. The user can deactivate the protection if desired for tracing or updating calculations. Due to the sometimes unstable nature of the iterative calculations, there is a reset option at the top of every page to allow the user to restore default values in critical calculations while maintaining the user's input data. Input cells are given specific names which allows for convenient storage and retrieval in the "cases" sheet which is set up via macros to retrieve or write cell values to and from the calculation sheets using macros. Analysis sheets for analyzing the results are available or can be added by the individual user as required.
Modification or addition of calculations, and addition of other operations such as recently added gas cleaning and CO 2 capture processes, are straightforward because Microsoft ® Office Excel is commonly used.
Blast Furnace Model
The blast furnace model is an iterative heat and mass balance over the furnace calculated for input calibration constants. The calculations are based or converted to units on a per tonne hot metal (thm) basis. Furnace dimensioning is not included, nor are various factors such as ferrous burden reducibility, coke reactivity, and permeability. Figure 2 shows the general schematic set-up of the blast furnace model and relation to other modules.
The thermodynamic data required were originally from Linder 8) however much of the data have been updated from Factsage TM 9) and HSC Chemistry ®   . 10)
The model calculates the required coke rate and blast volume iteratively for heat and mass balance convergence. The blast volume is adjusted iteratively which alters the coke consumed at the tuyeres, altering bosh gas composition and enthalpy and so on. The total ascending gas, and enthalpies of calcination, reduction and drying are balanced to give the top gas composition and temperature. The burden and hot stove models are included in the iterations such that they are balanced with the blast furnace operation. There are various options which may be turned off such that input values are fixed, such as blast temperature.
The basis for the blast furnace model calibration is the estimated thermal reserve zone temperature and shaft efficiency whereby the furnace is divided into the upper and lower heat and mass balance sections. The reserve zone temperature fixes the CO/CO 2 and H 2 /H 2 O equilibrium points to allow for the mass and energy balance from direct and indirect reduction. The addition of shaft efficiency, defined as the extent to which the CO/CO 2 and H 2 /H 2 O equilibrium with wüstite are reached at a given thermal reserve zone temperature, adds a degree of freedom in the calibration that allows for deviation from the ideal case. The shaft efficiency calculation, Eq. (1), uses data from Factsage. Where equilibrium refers to equilibrium with wüstite/Fe°b oundary at reserve zone temperature. The flame temperature calculation is made iteratively according to Eq. (2). 
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Blast Furnace Model Calibration
To apply the model appropriately the model must be calibrated, typically using the calibration variables in Table 1 . The calibration variables are adjusted such that the model calculations show the least difference from the reference data, with the most significant parameters shown in Table  2 . Figure 3 shows the typical approach. The thermal reserve zone and shaft efficiency are pure calibration variables meaning that their values are not subject to any measurement value in the reference operation. Heat losses should correspond to the estimated values, although the dis-© 2010 ISIJ tribution of heat losses may not be known with accuracy. Depending on the accuracy of the reference data, the heat losses and distribution may be used to bring the coke rate and top gas temperatures to those of the reference case. The model may be used to help identify the most probable errors in the reference case data. At SSAB, an on-line C-DRR diagram is also available and can be helpful in establishing reference periods with minimal errors in blast furnace measurements.
The model is calibrated for that specific operating condition when the model and reference period validation parameters show as little difference as possible using the parameters in Table 2 . It is usual to take several operating periods with difference conditions and calibrate them to establish variability.
The calibrated model can then be used to calculate impact of changes in operation. However, the further the desired case conditions are away from the calibrated case, the more speculative the results become as they have not been compared a priori. This weakness is not unique to this model.
Burden Calculation Model
The burden calculation is straightforward, with input of raw material compositions and limit values for permissible masses. Input values are shown in Table 3 . The model iterates to achieve the desired slag rate and burden CaO/SiO 2 ratio by adjusting raw material amounts within the given constraints. The coke rate is iterative between the blast furnace model and the burden model. Phosphorous limitation in hot metal can be constrained such that a maximum of BOF slag is used. Other constraints may be added by the user, if necessary. Various raw material selections may be altered, e.g. sinter added in place of another component. However the user must be aware of how the selection affects the calculations. In the case of numerous coke qualities or ferrous material qualities used, a simple blending calculation is used to input the blended composition into the model. There is also provision for pre-reduced burden addition, such as scrap, and for injection of dusts via the tuyeres.
Hot Stove Model
The hot stove model calculates fuel requirements for blast heating as well as maximum blast temperature with the schematic shown in Fig. 4 . These are calculated from blast furnace gas (from the blast furnace model) and coke oven gas, as well as hot stove operating data input listed in Table 4 . The calculations can be constrained by hot stove flame temperature and minimum temperature difference between the flame temperature and required blast temperature. Additional adjustments for blast temperature increase with compression, heat losses, and hot stove change-over are also included. If desired, the hot stove model can be deactivated such that the blast temperature is not constrained by hot stove operating parameters.
In order to constrain the hot stove operation to realistic operating temperatures, a flame temperature model is used. This is set by the user with an off-set such that there is a minimum difference between the flame temperature in the hot stove and the hot blast temperature. The maximum allowable flame temperature is added as a constraint.
Considerations for the User
The use of Microsoft ® Office Excel provides a very familiar environment for users. There are no macros used in the calculations (only in the transfer of values to the output sheets, activated separately by the user). The specific calculations can be traced, evaluated and updated by individual users within the spreadsheets themselves although this can be laborious task. Tracing of the order of calculations is practically impossible which makes debugging more difficult.
Despite efforts to make the calculation sheets formatted as clearly as possible, the number of calculations, input data and complexity of the iterative calculations require the user to become familiar with the program before it can be effectively applied. This has the advantage that a certain level of knowledge of blast furnace and hot stove theory is necessary to use the model which helps to avoid erroneous blast furnace scenarios from being modelled. A thorough knowledge of Microsoft ® Office Excel is helpful, but not completely necessary.
In the event of a crash of the model, typically as a division by zero error that propagates through the spreadsheets, a reset function has been added for individual sheets and globally which resets various critical variables to default values thereby removing the errors. This is particularly useful when making modifications to the model calculations as this is the most common situation when the model will crash. Adjusting the input variables rarely causes either convergence problems or a complete crash of the model.
Due to the fact that the model can be easily modified, saved and forwarded to new users, there is version control only by key users. When applying the model for new projects the key users typically supply their latest updated version of the model and give a course in the model's use.
Applications of the Model
The Masmod model has been used to support numerous decisions regarding operation and investment at SSAB, both as a stand-alone model and integrated into more complex models. Several examples of the application of the Masmod model are given below.
Application of the Masmod Model in the BF-hot
Stove System A relatively simple example of the Masmod model application is shown in the calculation of BF operation with the addition of coke oven gas (COG) injection. The model was calibrated against a reference period. In order to validate the Masmod calculation with coke oven gas injection, results were compared to high injection rates of natural gas as no suitable data from COG injection were found. Calculation of change in direct reduction rate for high levels of natural gas injection from blast furnace trials estimated from Agarwal et al. 11) were consistent with the change in direct reduction from the COG scenario with D% DRR/DN m 3 H 2 bosh at Ϫ0.0555 and Ϫ0.0560 respectively. The impact on the blast furnace and for injection of a small amount of COG is shown in Table 5 . The system modelled includes the blast furnace and hot stoves. There is a reduction in gas energy available to the combined heat and power plant (CHP); however a slight increase in heating value of the gas delivered to the CHP plant. Nordic steelworks provide both electricity and district heating via CHP plants that are highly efficient. Masmod is the key tool in establishing the potential savings in coke as well as the gas balance and gas quality for hot stove operation and for the CHP plant. Potential to make more COG available by optimisation of the steelworks overall gas balance is being con-© 2010 ISIJ Table 4 . Input variables for hot stove model. Table 5 . Impact of COG injection on blast furnace and process gas balance.
sidered further with the objectives of reducing costs and minimizing system CO 2 emissions.
Masmod Incorporated into More Complex
System Models The Global model incorporating Masmod to make the blast furnace and hot stove calculations was used to determine the optimum way of reducing the amount of coke oven gas required by the plant after a breakdown in the coking plant reduced the coke plant to 60 % capacity, described by Grip et al. 6) The Masmod model formed part of the integrated models with the model structure for the simplified global model shown in Fig. 5 . The Masmod model was modified to communicate with the interface model. An extended model went even further to include a more advanced economic model for economic optimisation. The solution was found that by increasing the oxygen enrichment the hot blast temperature could be decreased and top gas heating value increased thereby reducing the COG required for hot stove heating. An idled oxygen plant was available to provide the oxygen. The goal was to reduce the amount of oil required in the rolling mill reheating furnace shown in Fig.  6 . Overall cost impact was also calculated.
The idled oxygen plant was taken into operation successfully. However the poor quality of imported coke actually reduced the amount of PCI that could be injected from 94 kg/thm in the reference period to 88 kg/thm during operation with high levels of the poor quality coke. The coke rate increased by more than 16 kg/thm due to the poor quality of imported coke. These factors limited the use of oxygen and did not allow for as low a blast temperature as planned. The oxygen rate increased in one of the blast furnaces from 6.8 to 12.2 N m 3 /thm with a decrease in hot blast temperature of only 10 to 1 079°C while allowing the flame temperature to vary between 2 050°C and 2 250°C. The supplemental oxygen raised the heating value of the top gas, shown in Fig. 7 . This reduced the COG consumption in the hot stoves by an average of 960 N m 3 /h. The estimated outcome for the actual conditions when the oxygen was increased is also shown on Fig. 6 . The modelling accurately predicted the impact of the increased oxygen enrichment on the system. This successful application of the models established both the Masmod model as well as the Global Simulation models as very effective tools for evaluating various investments and operating options.
Another significant contribution of the models to decision-making at SSAB was calculations that showed an economic advantage to replace two operating blast furnaces with one larger blast furnace, 6) which was realized in August, 2000.
In more recent work by Larsson and Dahl, 7) the Masmod model was used to establish a database of BF and hot stove operating cases. The parameters included, for example, reductant rate, BF gas, flame temperature and hot blast. Linear regression was applied and programmed into a format suitable for Mixed Integer Linear Programming. The entire steelplant was then analyzed for minimization of specific CO 2 emissions with various constraints applied. It was determined that the largest potential for lowering CO 2 emissions was for scrap pre-heating prior to converter, and that installation of hot stove heat recovery for preheating hot stove fuel and combustion air had minimal impact on the overall steelworks CO 2 emissions.
Masmod Modified for Top Gas Recycle Blast Fur-
nace The recent surge in activity relating to the top gas recycle blast furnace (TGR BF) concept has led to the model being modified to support investigations in this field. Bergman et al. 12) reported the modelling results of one TGR BF system applied to the Luleå steelworks based on one of the ULCOS concepts. A similar model has been used within the ULCOS project for modelling of TGR BF concepts. 5) Other TGR BF process configurations have been suggested such as the Floss Furnace.
13) The Masmod model is currently being used to assess the application of TGR BF options for the Luleå steelworks in more detail for evaluation of CO 2 reduction potential, cost implications and impact on overall steelwork's process gas balance and energy efficiency. 
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Fig. 7.
Blast furnace top gas low heating value versus oxygen enrichment with second oxygen plant (weekly averages).
The introduction of the shaft gas stream for the case shown in Fig. 8 required a relatively simple adjustment in the model. Modification in hot stoves as well as simplified CO 2 capture and water-gas shift submodule has been recently added. The top gas recycle blast furnace model is being further developed with more sophisticated CO 2 capture calculations and water gas shift (WGS). The schematic diagram also includes a water-gas shift prior to carbon dioxide capture. Various heat exchangers, more detailed performance of WGS and CO 2 capture, and detailed pressure calculations have yet to be added. Table 6 is an example of preliminary results from the Masmod model for TGR BF with and without water-gas shift compared to a reference conventional blast furnace. Note that the gas export energy from the blast furnace factory is eliminated by using a TGR BF at maximum top gas recirculation. This dramatically reduces the availability of process gas energy to the CHP plant. As demonstrated in the cases above, evaluation of the BF process alone would not be sufficient for assessing the overall impact of a TGR BF and a more complex system model for the entire steelworks is necessary.
Conclusions
The Masmod 1-dimensional static blast furnace model provides a flexible tool for blast furnace engineers and researchers to investigate changes to blast furnace operation. It has been used to evaluate equipment options, operating practice and as a part of overall integrated steel plant optimisation modelling. Modules to support modelling of top gas recycling with CO 2 capture have recently been added.
The advantages of this approach are: • Provides rapid heat and mass balance confirmation;
• Couples hot stove performance with blast temperature and BF gas balance; • Convergence is quick and model can be reset easily if errors occur; • The programming environment (Microsoft ® Office Excel) is generally accessible and understood by researchers and engineers;
• Flexible and adaptable; • Does not require additional convergence software;
• Can be integrated with global steelplant models (as offor on-line component);
• Requires the user to understand the limitations of the software and good knowledge of blast furnace and hot stove theory and operation (advantage and disadvantage). The disadvantages of this approach are: • Requires the user to understand the limitations of the software and good knowledge of blast furnace and hot stove theory and operation; • Requires calibration data, and uncertainty increases as scenarios deviate from the calibrated cases; • Tracing of calculation order during debugging is extremely difficult; • Version control is difficult. Individual users make modifications to the program that are not easily followed by others, even with notes and comments added to the program. Development of the Masmod model will continue. Updating of thermodynamic data, increase in the level of detail in various operations and the addition of modules to support new projects is an ongoing process. At this time, the emphasis of the development is on top gas recycled blast furnace combined with CO 2 capture as well as more detailed calculations of steel plant global gas balance. Applying the Masmod model in conjunction with more sophisticated Process Integration methods will also continue in support of global system optimization.
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